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Abstract: ADAMTS13 is a hemostatic enzyme that breaks down pro-thrombotic ultra-large multimers
of von Willebrand factor (VWEF). The deficiency of ADAMTS13 increases VWF-mediated thrombo-
genic potential and may lead to thrombotic thrombocytopenic purpura (TTP). Recently, clinical
studies have shown the development of acquired TTP after COVID-19 infection and a correlation be-
tween low ADAMTS13 plasma levels and increased mortality. As a result, investigating ADAMTS13
as a potential recombinant therapeutic is of broad interest in the field of hematology. ADAMTS13
is considered challenging to purify in its biologically active state. Current purification methods
utilize immobilized metal ions, which can interfere with ADAMTS13 metalloprotease activity. For
this reason, we optimized an alternative strategy to isolate milligram quantities of highly active
recombinant ADAMTS13 (rADAMTS13) from conditioned media after exogenous expression in
human cell line, HEK293. HEK293 cells stably expressing C-terminal V5-His-tagged ADAMTS13
were grown in two parallel systems, culture bottles and flasks, for identifying an optimal cultivation
strategy. Subsequently, we employed anion exchange followed by anti-V5-tag affinity chromatog-
raphy to purify rADAMTS13, and extracted rADAMTS13 of high specific activity while preserving
its native post-translational modifications. In addition, this process has been optimized and scaled
up to produce active rADAMTS13 at levels sufficient for laboratory-scale structural, enzymatic, and
biochemical studies.

Keywords: ADAMTS13; purification; V5-tag; von Willebrand factor

1. Introduction

ADAMTS13 (A Disintegrin And Metalloproteinase with a ThromboSpondin type 1
motif, member 13) is a metalloprotease enzyme primarily produced and secreted by hep-
atic stellate cells of the liver and endothelial cells [1-3]. Its primary function is to break
down ultra-large multimers of von Willebrand factor (VWEF), which are hyperactive in
spontaneously agglutinating platelets at sites with damaged endothelium [4-7].

Activity levels of plasma ADAMTS13 vary widely amongst healthy individuals and
are assay-dependent. In general, plasmatic ADAMTS13 activity of 40-170% is considered
normal for healthy individuals [8]. In addition, it has been demonstrated that the estimated
heritability of ADAMTS13 antigen levels is between 59.1% and 83.5% [9]. Any distortion of
the ADAMTS13/VWR axis leads to defects in primary hemostasis. Higher ADAMTS13
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level (by 35%) has been observed in patients with type 3 von Willebrand disease (VWD) [10].
The absence or decreased activity of ADAMTS13 leads to the persistence of ultra-large VWF
multimers (ULVWE) in circulation and may have significant clinical implications (<5% of
the activity of a normal pooled plasma). Low ADAMTS13 level has been implicated in
thrombosis disorders, such as thrombotic thrombocytopenic purpura (TTP) [11,12]. TTP
is thought to be caused by genetic mutations in ADAMTS13 or acquired etiologies, such
as anti-ADAMTS13 autoantibodies, and in the absence of proper treatment, has a high
mortality rate of 85-90% [11,13]. Other pathological thrombosis events are also affected
by ADAMTS13 deficiency, such as myocardial infarction and ischemic stroke [12,14-18].
In addition, increased clinical attention has been placed on ADAMTS13 recently due to
its implications in COVID-19. Clinical studies have revealed that acquired TTP can occur
concomitantly with COVID-19 infection, and low ADAMTS13 plasma levels in COVID-19
patients are associated with increased mortality and disease severity [19-21]. For these TTP
patients, complement therapy to infuse plasma or plasma-derived product is performed to
treat acute TTP episodes. As a potential treatment option to elevate levels of ADAMTS13
in deficient patients, recombinant ADAMTS13 (rADAMTS13) has been under development
(ClinicalTrials.gov Identifier: NCT02216084 and NCT03997760) [16,22,23]. Compared to
plasma infusion, the use of rADAMTS13 is more efficient and easier to control due to
the high concentration and more convenient administration. The use of recombinant
proteins offers a significantly lower risk for bloodborne pathogens, allergic reactions, or
volume overload [24]. However, further studies are necessary to fully assess the therapeutic
applicability, safety, and efficacy of rADAMTS13 as a targeted antithrombotic agent.

While much of the biological characterization of ADAMTS13 has been elucidated,
proper assessment of recombinant therapeutic candidates requires a comprehensive inves-
tigation of the structure, activity, and immunogenicity of the protein after its production
through expression systems and purification. Mature ADAMTS13 (aa #75-1427; active
chain) has a complex domain architecture that consists of a catalytic metalloprotease do-
main, a disintegrin domain, eight thrombospondin type repeat motifs, a cysteine-rich
domain, a spacer domain, and two CUB domains [1,4]. The interaction of ADAMTS13
with VWF multimers is mediated through the CUB and spacer domains of ADAMTS13,
which undergo slight conformational shifts to support its interaction with VWF [25-28].
Exosites within ADAMTS13 spacer and cysteine-rich domains recognize the A2 domain of
VWE, which becomes exposed once elevated shear forces cause VWF to disentangle [25,29].
Subsequently, ADAMTS13 binds VWF via its disintegrin domain, and this interaction facil-
itates the allosteric activation of the metalloprotease domain to catalyze the breakdown of
VWEF at the Tyr1605-Met1606 peptide bond within its A2 domain (Figure 1a) [25,27,30-33].

Due to the presence of its disintegrin and catalytic metalloprotease domains, ADAMTS13
is classified as part of the adamalysin family (ADAM and ADAMTS) [34]. This family is
further grouped with other metalloproteases, which are enzymes that are appropriately
named for their reliance on specific metal ions to facilitate their activities. For the ADAMTS
protein family, the catalytic activity of the metalloprotease domain is dependent on interac-
tions with zinc and calcium. The catalytic domain of ADAMTS is conserved, consisting
of a zinc-binding motif HEXXHXXGXXH and a methionine domain (“Met-turn”), which
structurally supports the zinc catalytic site [35,36]. Due to this proteolytic mechanism,
metalloproteases require thorough structural and functional assessments after purification,
especially when metals are involved in their isolation. In addition, ADAMTS13 is rich
in proline residues, of which 108 of the 118 total prolines reside in its active chain. For
large proteins with high numbers of proline residues, protein folding becomes rate-limited
by the activity of peptidyl-prolyl cis-trans isomerases [37]. Inefficient processing by this
enzyme may hinder the accurate folding of ADAMTS13. ADAMTS13 also incurs many
post-translational modifications, including C-mannosylation, N-linked glycosylation, and
O-fucosylation, which are required for its secretion [38-40]. As a result of its complex
structure and unique catalytic mechanism, ADAMTS13 is often regarded as a very difficult
protein to isolate in its native and highly active form [41].
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Figure 1. Structure and Domain Interactions of ADAMTS13 with VWE. (a) The ADAMTS13 CUB1/2
domains (cyan) bind the D4-CK domains of VWE. This allows ADAMTS13 to form an open con-
formation, whereby exosites, present within the Disintegrin-like (green), Cys (blue), and Spacer
(purple) domains interact with sites within the A2 domain of VWE. Interaction with VWF via the
disintegrin-like domain allosterically activates ADAMTS13's metalloprotease domain (red) to cleave
VWE at the Tyr1605-Met1606 bond. (b) ADAMTS13 construct with V5-His-tag at the C-terminal end
with DNA sequences (top) and amino acid sequences (bottom) shown. Created with Biorender.com
(accessed on 20 December 2021).

Currently, the most common rADAMTS13 purification schemes rely on nickel affinity
chromatography [42,43]. Typical yields from these methods are ~0.1 mg/L due to the
low expression of ADAMTS13 [31]. While these purification schemes have been used
extensively and are indeed a viable method for purification, there is a need for further
optimization. As a metalloprotease, purified ADAMTS13 proteins derived from these
purification schemes are not ideal for enzymatic assays as their activity can be influenced
by interactions with immobilized metal ions [44-46]. When establishing an optimal purifi-
cation scheme to extract a protein of interest, it is important to consider factors that may
specifically alter the native characteristics of the protein. ADAMTS13 activity, including
binding kinetics, can be impacted by factors such as pH and the ionic environment [47,48].

Here, we report an optimized purification design to isolate rADAMTS13 of high
activity. We used anion exchange followed by V5-tag affinity chromatography to extract
rADAMTS13 from the conditioned media. rADAMTS13 purified through these methods
retain its post-translational architecture and has high proteolytic activity. This protocol
has been optimized to obtain active tagged rADAMTS13 at large enough quantities for
performing laboratory-scale structural and biochemical experiments.

2. Materials and Methods
2.1. Cell Line Generation and Growth

ADAMTS13 (NM_139025.5) and the Flp-In system (ThermoFisher Scientific, Waltham,
MA, USA) were used to generate the stable expression cell lines. Unlike lentiviral transfec-
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tion systems, the Flp-In system allows for the expression of ADAMTS13 from a single copy
integrated at a specified genomic location within the cell line. ADAMTS13 is expressed
and secreted into the medium. The ADAMTS13 sequence was cloned in-frame into the
Flp recombination target site vector, pcDN5/FRT/V5-His Topo (ThermoFisher Scientific,
Waltham, MA, USA) by GenScript USA Inc. (Piscataway, NJ, USA).

The detailed production of Flp-In HEK293 cells, which stably express C-terminal
V5-His-tagged ADAMTS13 under the control of a CMV promoter, was described previ-
ously [49]. Briefly, per the manufacturer’s instructions, these cells were co-transfected
with full-length tagged ADAMTS13 cDNA cloned into the pcDNA5/FRT vector and
pOG44 vector encoding Flp-recombinase enzyme. The selection was performed with
300 pg/mL hygromyecin.

The cells were grown and maintained in “serum media”, consisting of Dulbecco’s
Modified Eagle Medium (DMEM) (Quality Biological, Inc., Gaithersburg, MD, USA) supple-
mented with Pen-Strep, L-glutamine, and 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) and incubated in 5% CO, at 37 °C.

2.2. Cell Growth in BelloCell Culture Bottle System

In parallel to culturing in T175 cm? flasks, the ADAMTS13-Flp-In HEK293 cell line
was grown in the BelloCell system, consisting of 500 mL culture bottles mounted onto a
control BelloStage-3000 (Chemglass Life Sciences, Vineland, NJ, USA) and placed in a CO,
incubator. The bottles were filled with 470 mL of culture media and incubated on stage for
30 min. Meanwhile, the cells, initially grown in 3—4 T75 cm? flasks, were collected, counted,
and diluted in 30 mL culture media to a concentration of 3.33 x 100 cells/mL. The seeding
protocol was followed in accordance with the manufacturer’s instructions [50], with cells
(100 x 10° cells suspended in 30 mL media) slowly ejected from a sterile pipet onto the
matrix with even distribution and cultured with an oscillation rate of 2 mms~! up and
down, a top hold time of 20 s, and a down hold time of 0 s. After 4 h, the oscillation speed
was reduced to 1 mms~!, with the down holding time of 60 s and the top holding time
of 10 s for one bioreactor (A) and 0 s for the second bioreactor (B) to assess two different
holding times for proper oxygen transfer from the air to the cells (See Figure 2). Three
days after seeding, or when the glucose reading for the media was below 1 g/L, the media
was aspirated from the bioreactor and replaced with 500 mL of fresh media. After this,
the media was collected and replaced every two days and changed to Opti-MEM reduced
serum media (ThermoFisher Scientific, Waltham, MA, USA) after 4 collection cycles (8 days).
The cells were cultured in a reduced serum medium for an additional 10 days. During this
time, the media was exchanged 5 times, every 48 h (See Figure 3).

Bioreactor set-up
(seeding)

i | Bioreactor set-up

(g' th/ o i )
Top holding time _ . -=+=" 77" | Cells (100 x 10° cells) seeded
---- i / ‘onto matrix bed _ _
sat 1020 8sc; Top holding time f ﬁ Top holding time u
setto 10 sec —i @ settoOsec .. |

Rate of media

.. ascending and

descending setto
1.0mms"

and descending setto  --"" Filled with 500 mL of serum media
2.0 mms! during seeding

“~~ Down holding time

Down holding time
setto 0 sec.
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Figure 2. Schematic of bioreactor setup with different top holding times set for bioreactors A and B.
Created with Biorender.com (accessed on 20 December 2021).
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Figure 3. Timeline of bioreactor vs. flask comparison for the cultivation of ADAMTS13 Flp-In HEK293
cells. ADAMTS13 Flp-In HEK293 cells were seeded in parallel within the bioreactor and flask culture
systems (1 x 108 cells). At 11 days, media in the flasks were changed to Opti-MEM reduced serum
media and were collected every 2 days until day 21. On day 21, the final collection (5th) was made,
and the media from each collection was used for activity assay and Western Blot analyses. Created
with Biorender.com (accessed on 20 December 2021).

2.3. Cell Harvest and Media Collection

In parallel to the BelloCell culture bottle system, ADAMTS13-Flp-In HEK293 cell lines
were grown in T175 cm? cell culture flasks under the same cultivation and harvesting
timeline as the bioreactors. Cells were seeded at the same density (100 x 106 cells), and
were maintained, passaged, and grown to a total of 40 T175 cm? flasks by the 11th day
of cultivation. After the 11 days of cultivation, the serum media in both culture bottles
and flasks were exchanged for Opti-MEM reduced serum media (ThermoFisher Scientific,
Waltham, MA, USA). Cells were incubated in this media for 48 h and replaced with fresh
reduced serum media after each collection. The media was collected using a vacuum
system, filtered through 0.2 pm Nalgene Rapid-Flow vacuum filter units (ThermoFisher
Scientific, Waltham, MA, USA). The supernatant was frozen and stored at —80 °C until use.

2.4. rADAMTS13 Purification

For small-scale purification (0.5-2.0 L), the supernatant was concentrated and diafil-
trated with 1x PBS buffer using Amicon Ultra-15 (10 kDa) (MilliporeSigma, Burlington,
MA, USA) centrifugal filters and rADAMTS13 was purified via V5 affinity purification as
described below.

For large-scale purification (4-30 L), the supernatant was first adjusted to pH 8.0
using 2 M Tris-HCI and diluted 3x with de-ionized water prior to Q Sepharose ion-
exchange chromatography [31]. To purify the protein from 12 L cell culture supernatant,
the diluted supernatant (36 L) was loaded onto 300 mL Q Sepharose Fast Flow resin (Cytiva,
Marlborough, MA, USA) packed in an HiScale 50 column (Cytiva, Marlborough, MA, USA)
equilibrated with 20 mM Tris-HCI, 50 mM NaCl, pH 8.0 at 4 °C. The column was washed
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with the equilibrium buffer until the absorbance at 280 nm returned to base-line, and the
protein was eluted with 5 column volumes of 20 mM Tris-HCI, 0.5 M NaCl, pH 8.0. The total
elution pool (1.1 L) was concentrated (about 44 times) and diafiltrated with 1x PBS buffer
using Amicon Ultra-15 (10 kDa) centrifugal filters. After adding phenylmethylsulfonyl
fluoride and benzamidine to the final concentrations of 0.5 and 5 mM, respectively, the total
diafiltrated pool (47 mL) was then subsequently purified through V5 affinity purification
using anti-V5-tag resin (MBL International Corporation, Woburn, MA, USA) according to
the manufacturer’s instructions with slight modifications. The pool was applied to a column
(2.5 x 20 cm) containing anti-V5-tag resin (7 mL resin per 12 L cell culture supernatant)
equilibrated with 1x x PBS buffer, and the column was gently shaken overnight at 4 °C.
The column was then washed with 1x PBS buffer, and rADAMTS13 was eluted by V5
peptide (200 pg/mL) in 1x PBS buffer. The elution fractions analyzed by SDS-PAGE were
pooled (about 6 fractions), concentrated, and diafiltrated with 1x PBS buffer using Amicon
Ultra-15 (10 kDa) centrifugal filters to remove V5 peptides. Protein concentration and
yield were determined by Nanodrop 2000C (ThermoFisher Scientific, Waltham, MA, USA).
Large-scale protein purification was performed by the Facility for Biotechnology Resources
at FDA.

2.5. rADAMTS13 Assessment
2.5.1. Analysis of rADAMTS13 Using SDS-PAGE and Western Blotting

The analysis of rADAMTS13 expression within serum-free media and the purity of the
protein was conducted through separation by SDS-PAGE, followed by Coomassie staining
(Invitrogen) and /or western blot analysis. Western blots were probed with mouse anti-V5
monoclonal antibody (R960-25, ThermoFisher Scientific, Waltham, MA, USA) paired with
a secondary IRDye 800CW goat anti-mouse antibody (LI-COR, Lincoln, NE, USA). The
membrane was imaged with a LI-COR Odyssey DLx imaging system (LI-COR, Lincoln,
NE, USA). The analysis of band intensities was performed through the LI-COR imaging
system analysis tools (LI-COR, Lincoln, NE, USA) and through Image]J (National Institutes
of Health, Bethesda, MD, USA). The representative blot from three individual experiments
was analyzed.

2.5.2. rADAMTS13 Antigen Measurement

The quantification of rADAMTS13 in the conditioned media was performed by using
the Human ADAMTS13 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA)
per the manufacturer’s instructions. A standard curve was generated in the range of
50-0.781 ng/mL using human rADAMTS13 standards provided in the kit. Serial dilutions
of conditioned media were tested to confirm the proportionality of detected response to
dilution. The concentration of rADAMTS13 in the conditioned media samples was deter-
mined based on the standard curve, adjusted for dilution, and reported in ng/mL units.

2.5.3. rADAMTS13 Activity Measurement

The activity was measured with FRETS-VWEF73 substrate (Vivitide, Gardner, MA,
USA) as described previously [44]. The substrate and rADAMTS13 media collected from
cultures or purified rADAMTS13 protein were first incubated separately at 37 °C for 5 min.
After combining, 60 total fluorescence readings were taken at 1-min intervals by a Victor X3
plate reader (PerkinElmer, Waltham, MA, USA). rADAMTS13 activity was determined as
the slope over the first 40 cycles (fluorescence/time). A standard curve was generated from
Technozym ELISA ADAMTS13 standards (0-1 IU/mL) and used for conversion of slope to
IU. The data were normalized to the volume of samples analyzed (mL). Specific activity
(IU/ng) was determined as the activity (IU/mL) divided by the antigen levels (ng/mL),
as measured through ELISA assay. Three sets of purified rADAMTS13 and media from
culture collections were analyzed. We used an internal unit (IU) to measure ADAMTS13
activity. One internal unit (IU) corresponds to ADAMTS13 activity of 100% for normal
pooled plasma (about 1.0 pg/mL) [51].
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2.5.4. Glycosylation Analysis

Purified rADAMTS13 proteins (4 pg) in 25 mM ammonium bicarbonate buffer were
reduced using DTT (at 56 °C, 30 min), alkylated using iodoacetamide (room temperature
in the dark, 30 min), and trypsin-digested overnight. The tryptic peptides were ana-
lyzed by nano-LC/MS/MS using Ultimate LC and Fusion Orbitrap MS (ThermoFisher,
San Jose, CA), with settings adapted from our previous glyco-proteomic studies [52,53].
Briefly, peptides were first loaded onto a nanotrap (ThermoFisher PepMap C18, 5 um,
100 A, 20 mm x 100 um L.D.), then eluted onto a reversed-phase Easy-Spray column (Ther-
moFisher PepMap C18, 3 um, 1004, 15 cm x 75 um L.D.) using a linear 120-min gradient
of acetonitrile (2-50%) containing 0.1% formic acid at 300 nL./min flow rate. The eluted
peptides were sprayed into the Fusion Orbitrap with spray voltage and ion transfer tube
temperature set at 1.8 kV and 250 °C, respectively. The data-dependent acquisition (DDA)
mode was enabled, and each Fourier Transform (FT) precursor mass MS1 scan (60,000 res-
olution) was followed by FT DDA-MS2 scans (15,000 resolution) (3-s cycle time). For
identifications of O-fucosylation and C-mannosylation, DDA-MS?2 alternated HCD (step col-
lision energy of 20, 30, 40) and EThcD (with ETD supplemental activation with SA collision
energy 25). For identifications of N-linked glycosylation, DDA-MS2 HCD (step collision
energy of 20, 30, 40) followed with targeted mass trigger (204.0867 and 366.1396 within
£15 ppm mass tolerance and among top 20 abundant ions) to subsequent EThcD (with ETD
supplemental activation with SA collision energy 25). Automatic gain control (AGC) targets
and maximum injection times were set as “standard” and “auto”, respectively.

LC/MS/MS spectra were processed using Byonic software and further analyzed by By-
ologic software (PMI-Suite 3.8.11, Protein Metrics, Cupertino, CA, USA). Byonic/Byologic
search parameters were set according to the parameters employed: tryptic cleavage sites
@K/R (fully specific), two mis-cleavage allowed, 25 ppm mass tolerance, common modifi-
cation of oxidation @M, fixed modification of carbamidomethylation @C, protein database
of ATS13_HUMAN, and PEP 2D / Score / Delta Mod Score being <0.01, >100, >10,
respectively. For identifications of O-fucosylation and C-mannosylation, common modifica-
tion of mannosylation @W was further added, and the glycan database consists of Fuc(1),
Fuc(1)Hex(1), HexNAc(1)Hex(1)NeuAc(2), and HexNAc(2)Hex(2)NeuAc(2). For identifica-
tions of N-linked glycosylation, the Byonic glycan database of “N-glycan 182 human no
multiple fucose.txt” was used.

3. Results
3.1. Purification of rADAMTS13 from Conditioned Media of Flp-In HEK293 Cells
3.1.1. Expression of rADAMTS13 in Flp-In HEK293 Cells

We have previously established a Flp-In HEK293 cell line that stably expresses rADAMTS13
under a CMV promoter with a V5 epitope and 6x histidine-tagged to the C-terminal end of
ADAMTS13 separated from the protein sequence by an 11-aa long spacer linker away from
metal and binding sites (Figure 1b) [49].

The expression of rADAMTS13 was verified previously by performing western blot
analysis on conditioned media from these cells. The blots indicated expression of rADAMTS13,
which could be detected through an anti-V5 monoclonal antibody [49]. The same line was
used for this study.

3.1.2. Comparison of Flasks and Bioreactors as Optimal Cultivation Strategies

Due to the low expression of rADAMTS13, large quantities of cells are required to
extract a useful amount of purified rADAMTS13. To circumvent this scalability issue, we
tested two systems in parallel to determine which strategy is optimal for cultivating large
quantities of cells. We initially grew the rADAMTS13 stable expression cell line in T175 cm?
flasks and then seeded these cells into two separate systems at the same seeding density
of 100 x 10° cells: culture bottles and a set of T175 cm? flasks. To further evaluate cellular
growth in culture bottles, two sets of bioreactors were assessed, with one culture bottle
(A) maintained at a top holding time of 10 s, while the other (B) cultivated at a top holding
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time of 0 s to determine which system provides more efficient nutrient and oxygen transfer
to the cell (Figure 2).

Proper adaptation of the top holding time has been suggested to improve oxygenation
of the system as per the manufacturer’s instructions [50]. Advantages to using culture
bottles include not only the larger volume and 15,600 cm? surface area for cell growth, but
also the ability to easily collect multiple large batches of media from the same culture. After
11 days of cultivation in culture media, the cells can expand over 10 times to a density of
3-5 x 107 cells within the matrices of the culture bottle. On the other hand, using large
amounts of T175 cm? flasks to cultivate cells is a viable technique, but maintaining huge
quantities of flasks is cumbersome, and the expansion of cells is limited by the availability
of flasks and space within CO, incubators. For this comparison study, over the same
cultivation period of 11 days, cells grown in flasks were split every 2 days to a total of
40 flasks, while medjia in the 2 bioreactors were exchanged to fresh culture media on those
same days. On the 11th day, the media was exchanged to reduced serum media and the
media was collected every 48 h over the course of 10 days (Figure 3).

In comparison of the two parallel systems, media from four to five collections were
evaluated for rADAMTSI13 antigen and activity levels. Between the two bioreactors, biore-
actor A, with a longer top holding time, exhibited a slight increase in antigen and activity
levels compared to bioreactor B, suggesting that changing the top holding time of the sys-
tem from 0 to 10 s may improve the cultivation of Flp-In HEK293 cells (Figure 4). Increasing
the top holding time may better supply the cells with nutrients and facilitate the removal
of metabolic waste. The first collections from bioreactors A and B yielded rADAMTS13
antigen levels of 140.0 and 122.8 ng/mL and activity of 1.32 and 1.17 IU/mL, respectively.
However, unexpectedly, subsequent collections two to five yielded rADAMTS13 of much
lower antigen and activity levels (Figure 4c—e). Noticeably, Flp-In HEK293 cells become
less adherent when cultivated in reduced serum media over time within the bioreactors.
The reduction in the yields of rADAMTS13 (~65-80% decrease) in subsequent collections
is likely due to detachment and loss of cells, which occurred 48 h after exchange from the
serum media to the reduced serum media. Nevertheless, while we postulate that the loss
of cells is responsible for the decrease in yields in subsequent bioreactor collections, the
specific activity of bioreactor-derived rADAMTS13 is comparable to that of flasks across all
five individual collections (Figure 4e). Further optimization is required for determining
optimal conditions for short and long-term cultivation in reduced serum conditions of
mildly adherent cells, such as Flp-In HEK293 cells, within the culture bottle system. In
contrast to the bioreactor system, the first collection from the flask system yielded an
ADAMTS13 antigen level of 223.7 ng/mL and activity of 2.045 IU/mL. Each successive col-
lection produced a small increase in activity and antigen levels of rADAMTS13 compared
to the initial collection (Figure 4c—e). These results suggest that using flasks is a viable
system for cultivating Flp-In HEK293 cells for long-term growth and harvesting, while the
bioreactor system requires additional optimization with a consideration of factors, such as
specific cell type adherence characteristics and flow rate within the bioreactor.

3.2. Purification and Quality Assessment of rADAMTS13 from Conditioned Media

During the purification of the low-secreted protein, each extra purification step dramat-
ically reduces the final yield. Thus, for small-scale (0.5-1 L) purification, the conditioned
media collected from rADAMTS13-expressing cells was first concentrated on 10 kDa
MWCO centrifugal filters and then purified directly via V5 affinity purification. In larger
scale (4-30 L) purification, the protein was purified through a two-step process. In the
first step, the conditioned media was loaded onto a column with anion exchange resin,
Q-sepharose and the bound protein was eluted using 20 mM Tris-HCI, 0.5 M NaCl, and pH
8.0 buffer. After this step, the sample volume was reduced to 25 mL with centrifugation
through filter units and dialyzed with 1x PBS. The concentrated elution pool is subsequently
purified through a column, packed with V5-resin, and dialyzed with 1x PBS. SDS-PAGE,
western blotting, and Coomassie staining revealed a pure extraction of rADAMTS13 with
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a band at ~190 kDa (Figure 5a). Most of the rADAMTS13 was eluted in the third to fifth
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Figure 4. Comparison between bioreactor and flask cultivation systems for rADAMTS13 Flp-In stable
HEK?293 cells. (a) Western blot of V5-tagged rADAMTS13 from collections 1-4, with flask-derived
collections shown on the right side adjacent to bioreactor A collections (top) and bioreactor B collec-
tions (bottom) for direct comparison; (b) Quantification of ADAMTS13 expression shown in western
blots in panel A; two groups of flasks are shown for same-blot direct comparison (¢) rADAMTS13
antigen levels of collections 1-5 from flasks and bioreactors A and B, as measured through ELISA
assay; (d) Activity of rADAMTS13 in collections 1-5 from flasks and bioreactors A and B, as measured
by FRETS-VWE73 activity assay; (e) Specific activity of rADAMTS13, as fold changes relative to
flasks collections.
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Figure 5. The quality assessment of two-step large-scale purification of V5-tagged rADAMTS13.
(a) Coomassie staining of representative samples collected at each of the purification steps until the
elution of V5-tagged rADAMTS13. (b) Coomassie staining of representative samples collected during
concentration and diafiltration of the eluted V5-tagged rADAMTS13. The content of all the lanes is

mentioned in the figure.

In both cases, the protein yield was comparable or even higher to the yield reported
when the protein was purified via His-Tag [31]. In comparison to small-scale purification
via only V5-affinity tag or His-Tag purification (yield = 0.10 mg/L of media), the same
volume of media from culture bottles purified by QFF followed by V5 provided a yield of

0.145 mg/L, while flask purification produced a yield of 0.678 mg/L (Table 1).

Table 1. rADAMTS13 yields purified from flasks and culture bottles via V5 or QFF + V5.

Culture Bottles (mg/L)

Purification Method Flasks (mg/L)
His-tag 011
V5 0.097
QFF + V5 0.678

1 from reference [31].

Due to the improved long-term cultivation, growth, and harvesting of cells within
flasks, purified protein derived from the flask system was used for further protein charac-
terization. To determine the activity of the flask-derived V5-tagged purified rADAMTS13,
a FRETS-VWEF73 activity assay was performed with purified protein from both small-scale

and large-scale purifications (Figure 6).
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Figure 6. Activity of rADAMTS13 from small-scale V5-affinity purification and two-step large-scale
purification, as measured by FRETS-VWE73 activity assay and normalized to the amount of protein

analyzed (ng), n = 3.

The purified rADAMTS13 showed an activity of 1.37 IU/mL and a specific activity of
0.059 IU/ng from one-step small-scale V5-affinity purification, and purified rADAMTS13
from the two-step large-scale purification yielded ADAMTS13 with an activity of 1.244 IU/mL
and a specific activity of 0.063 IU/ng (Table 2).

Table 2. rADAMTS13 protein purified from flasks via V5 or QFF + V5.

Purification Method Protein Yield (mg/L of Media) Activity (IU/mL) Specific Activity (IU/ng)
V5 (small-scale) 0.097 1.366 0.0593
QFF + V5 (large-scale) 0.678 1.244 0.0633

3.3. Post-Translational Modification Analysis of Purified rADAMTS13

Post-translational modifications (PTM) are known to be important for protein expres-
sion, folding, and function of a multitude of coagulation factors [4,38,40,54,55]. ADAMTS13
harbors several N-glycosylation sites and possesses numerous consensus sites that support
O-fucosylation and mannosylation modifications, most of which reside in the throm-
bospondin repeat regions [40,49,56]. Using mass spectrometry, we conducted a glyco-
sylation profile of large-scale, flask-derived purified V5-tagged rADAMTS13 to deter-
mine whether the overall PTM architecture of rADAMTS13 is preserved after our two-
step large-scale protein purification. We used Byonic software to analyze fragmentation
patterns produced through trypsin digestion to determine the presence of core glycan
structures and complex individual moieties that are suggestive of O-fucosylation and
C-mannosylation sites.

Glycosylation analysis confirmed that the overall post-translational modification
architecture is present in the purified V5-tagged ADAMTS13. Based on our analysis,
we were able to identify seven previously reported N-glycosylation sites (Table 3). A
few glycosylation sites, N142, N146, and N828, which are present in plasma-derived
ADAMTS13, were not detected by this analysis due to low sequence coverage of these
regions by trypsin digestion [39,40].
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Table 3. N-glycosylation data of flask-derived V5-tagged purified rADAMTS13.

Position

Glycopeptide Assignment of

Most Abundant Forms Identified Charge States

Tryptic Peptides *
HexNAc(4)Hex(5)Fuc(1)
Nb552 HexNAc(5)Hex(4)Fuc(1) CQVCGGDNSTCSPR +3
HexNAc(5)Hex(3)Fuc(1)
N579 HexNAc(5)Hex(4)Fuc(1) EYVTFLTVTPNLTSVYIANHRPLFTHLAVR +4 to +6
N614 HexNAc(2)Hex(6) MSISPNTTYPSLLEDGR +2 and +3
HexNAc(5)Hex(5)Fuc(1)
N667 HexNAc(5)Hex(4)Fuc(1) YGEEYGNLTRPDITFTYFQPKPR +4
N707 HexNAc(5)Hex(4)Fuc(1)NeuAc(1) WVNYSCLDQAR +3
N1235 HexNAc(6)Hex(3)Fuc(1)NeuAc(1) VLESSLNCSAGDMLLLWGR +3
N1354 HexNAc(6)Hex(3)Fuc(1)NeuAc(l)  TATHALATNMGAGTEGANASYILIR +4
* All the C’s shown are of carbamidomethylated cysteines (using iodoacetamide in alkylation). The N-glycosylation
sites within tryptic peptides were highlighted with red font.

Furthermore, O-fucosylation sites, the majority of which reside in the TSP repeat
regions of ADAMTS13, are present in the purified V5-tagged rADAMTS13 (Table 4). In
addition, we previously identified an unreported O-glycosylation site for ADAMTS13
at the S1170 residue [49]. In this analysis, DiSialyl Core-1 (NeuAc;HexHexNAc) and
2 (NeuAcyHex;HexNAcy) glycans were both identified as forms present at this site, of
which the former is more abundant. The W387 residue was identified as a mannosylation
site in rADAMTS13, consistent with other studies [39,40].

Table 4. O-fucosylation and C-mannosylation of flask-derived V5-tagged purified rADAMTS13.
. e Glycopeptide Assignment of i +
Position Modification Types Tryptic Peptides * Identified Mass
$399 Fuc(1)Hex(1) SCGGGVVTR 600.7743 (+2)
S698 Fuc(1)Hex(1) GPCSVSCGAGLR 764.834 (+2)
ELVETVQCQGSQQPPAWPEACVLEPC
S757 Fuc(1)Hex(1) P PYWAV GDEGPCSASCGOGLR 1378.8608 (+4)
S907 Fuc(1)Hex(1) TGAQAAHVWTPAAGSCSVSCGR 847.0445 (+3)
S965 Fuc(1)Hex(1) LAACSVSCGR 694.8052 (+2)
$1027 Fuc(1)Hex(1) VMSLGPCSASCGLGTAR 1016.4552 (+2)
51087 Fuc(1)Hex(1) WHVGTWMECSVSCGDGIQR 858.3629 (+3)
W387 Hex WSSWGPR 519.2380 (+2)
S$1170 HexNAc(1)Hex(1)NeuAc(2) GLLFSPAPQPR 1065.4966 (+2)832.3776 (+3)

HexNAc(2)Hex(2)NeuAc(2)

* All the C’s shown are carbamidomethylated cysteines (using iodoacetamide in alkylation). T The identified mass
presented in this table is for a peptide with unoxidized M. The O-fucosylation and C-mannosylation sites within
tryptic peptides were highlighted with red font.

Interestingly, in comparison to plasma-derived ADAMTS13, purified V5-tagged
rADAMTS13 has a selective preference for different N-linked glycan forms. Most N-
linked glycosylation sites in plasma-derived ADAMTS13 are reported to be terminally
sialylated [40], but the more abundant N-linked glycans in V5-tagged purified rADAMTS13
are predominantly of the unsialylated forms or contain only one sialic acid. The significance
of sialylation on ADAMTS13 is not well understood, but the PTM structure of coagulation
factors is highly dependent on a variety of factors, including the PTM machinery of its
secreted cell type [55,57]. Nevertheless, though the unsialylated form may be slightly more
abundant in purified V5-tagged rADAMTS13, a heterogenous population of sialylated and
unsialylated glycan forms were identified at each glycosylation position. Therefore, most
importantly, the glycosylation analysis indicates that the majority of previously identified
PTM sites are present in V5-tagged purified rADAMTS13 and that the purification process
did not alter the post-translational landscape.
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4. Discussion

ADAMTS13 is a metalloprotease enzyme, important for degrading ultra-large pro-
thrombotic multimers of VWF to prevent spontaneous agglutination of platelets. For this
purpose, ADAMTS13 is regarded as one of the important mediators of hemostasis and
a potential target for the development of a recombinant therapeutic for targeting throm-
botic disorders. Comprehensive testing must be conducted to evaluate the efficacy, safety,
and characteristics of rADAMTS13, which can be performed through laboratory-scale
experimentation.

However, to properly assess the structure and function of rADAMTS13, a signif-
icant amount of purified rADAMTS13 is required, which has been a challenging task.
rADAMTS13 poses many issues for purification due to its relatively large size and low
expression in cells. It also undergoes complex post-translational modifications, including
extensive glycosylation, and its amino acid sequence is rich in prolines. Furthermore, due
to its nature as a metalloprotease by which its catalytic activity is dependent on interactions
with metals ions, rADAMTS13 should be ideally purified with methods that exclude po-
tential chelating agents and metal ions, as these may disrupt the proteolytic activity of the
protein. For the successful purification of rADAMTS13, these aspects must be carefully fac-
tored into the purification scheme and systematically assessed after purification to ensure
that rADAMTS13 retains its native structure and function.

Here, we considered these factors and optimized a purification scheme to isolate active
rADAMTS13 tagged with both His and V5-epitope to be effectively used in laboratory-scale
studies. We discovered that using the V5 epitope for purification resulted in protein of
high specific activity. rADAMTS13 protein yield was higher (~0.68 mg/L) than purification
through conventional nickel affinity chromatography methods (~0.1 mg/L) [31]. The purity
of rADAMTS13 was affirmed through a band at ~190 kDa, identified by SDS-PAGE and
Coomassie staining. We postulate that the higher activity may be the result of using non-
metals for eluting rADAMTS13. Many metalloproteases have been eluted through nickel
affinity chromatography [58,59], but other methods have been designed, which employ
alternative chromatography methods that do not rely on metal-ion-affinity purification
schemes [60]. Purified metalloprotease proteins derived from these alternative methods
may be more suitable if enzymatic analyses are to be performed on these proteins.

We also tested two separate methods for cultivating cells. One was focused on using
a BelloCell culture bottle system that could be efficiently and easily managed for batch-
harvesting conditioned media for purification. This system, when used at its maximal
capacity, provides 15,600 cm? surface area for cell growth and has an automated system for
supporting a consistent flow rate across the cell matrices. The system provides a powerful
tool for achieving high cell density and high productivity but requires further optimizations
in serum-free conditions to provide high nutrient and oxygen transfer under minimal shear
stress. The other method we tested in parallel was using a flask system, which, when
maintained along the same cultivation timeline as the bioreactors, equated to a total surface
area of 7000 cm?. While flasks are known to be great vessels for cultivating cells, at the
quantities required for harvesting enough rADAMTS13 for laboratory experiments, flask
management becomes difficult and time-consuming. From our analysis, we determined that
both methods were viable for harvesting media containing rADAMTS13 of high specific
activity. However, media from the bioreactor system yielded approximately ~65-80% less
protein in collections 2—4, while a consistently high level of rADAMTS13 expression was
maintained through successive flask collections. For cells grown in bioreactors, we used
an optimized protocol for protein expression in HEK293 cells cultured in complete media
supplemented with FBS [61]. In the absence of FBS, HEK293 cells are very sensitive and
easily detached. Thus, we postulate that the decrease in protein expression is largely due to
the dissociation of Flp-In HEK293 cells from the bioreactor matrices when cultured over
time in reduced serum media. Based on the cell type and its adherence characteristics, the
bioreactor system requires adaptations to improve protein yield. We suggest that additional
optimization considerations should be implemented, which include increasing the time for
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cells to be cultivated in serum and decreasing flow-rate after switching to reduced serum
media, especially for harvesting conditioned media from cultures of mildly adherent cells.
With these adjustments, cell detachment may be reduced and the yield improved within
the bioreactor system. Nevertheless, both systems were able to produce conditioned media
containing rADAMTS13 of high specific activity across multiple consecutive collections.

For the purification of conditioned media, we employed and optimized two strategies
for purifying V5-tagged rADAMTS13, based on the scale of purification. For small-scale
purifications, we used a one-step process to extract rADAMTS13 through V5-affinity
purification. This method yielded ~0.13 mg/L of purified rADAMTS13, with an activity
of 1.37 IU/mL for flask-derived protein. In comparison, for large-scale purifications with
conditioned media of 4-12 L, we optimized a two-step process consisting of flowing media
through a QFF system followed by the V5-affinity purification system. With the additional
step of the QFF system, the large-scale purification provided a yield of 0.67 mg/L from flask-
derived media and with an activity of 1.24 IU/mL. Regardless of the purification method,
the activity of rADAMTS13 is within a normal range (above 1 IU) [8]. The significant
increase in purification yield in large-scale purification suggests that the addition of the
QFF step substantially improves the protein quality and quantity. In fact, we observed
that when a centrifugal filter was used to concentrate the cell supernatant in small-scale
purification, the viscosity of the sample also increased due to the presence of the serum and
other components of cell culture media. As a result, its downstream processing and scale-up
were difficult. In addition, the specific components of the medium that remained in the
sample could also be affecting the purification process, the activity, and other properties
of the protein. The QFF column, which allowed us to remove phenol red, the serum, and
other media components and, at the same time, concentrates the sample and exchanges the
buffer solution. We chose the QFF column as it was also previously used for ADAMTS13
purification via His-tag [31], but it is possible that another ion exchange column would be
equally effective.

We further verified that post-translational modifications were retained in the flask-
derived purified V5-tagged rADAMTS13. We found that seven well-known N-glycosylation
sites are present in our purified V5-tagged rADAMTS13 protein, and most of the fuco-
sylation and mannosylation sites, identified in previous studies [40], were preserved as
well. Furthermore, our construct does not include a proteolytic cleavage site. The removal
of the V5 tag would require an additional purification step, and this would cause the
additional loss of purified protein. Since the purified protein maintains its activity in the
presence of the additional linker, we decided that the removal of the V5 tag is not critical.
To remove the V5 and His-tags by proteases, the spacer linker would have to be modified
to include a proteolytic cleavage site motif. Within the ADAMTS13 construct, an enzyme
recognition site can be introduced between the open reading frame of rADAMTS13 and
the tag sequence for standard enzymatic removal of the tagged element. This technique
has been effectively implemented to remove various types of affinity tags from proteins of
interest [62]. In some cases, the removal of the tag may be beneficial or critical, as it will
prevent any potential interference of the tag with analytical assays.

Furthermore, ADAMTS13 expression level in mammalian cell culture systems is very
low. While there are various methods that can be used to achieve higher expression rates,
including through codon or codon pair optimization, which is frequently used in the
production of recombinant proteins [63,64] or changing the cell type to one with a more
efficient system, such as CHO cells [65,66], our priority was to preserve the native gene
sequence, protein structure and function, and to express the protein in human cell lines.
Here, we have optimized the expression and purification of ADAMTS13 using a similar
cellular system to those previously used for the purification of ADAMTS13 via His-tagged
methods [31]. Nevertheless, it would be interesting to learn if some suspension cells, such
as serum-free cell lines derived from HEK293 (specifically Expi293 or PER.C6) or other
highly tranfectable cell systems, would further improve the ADAMTS13 expression yield.
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Moreover, we chose stable over transient expression via the Flp-In vector to gain
the advantage of a highly controlled expression system for ADAMTS13. We assessed a
series of culturing conditions for HEK293 cells and performed protein purification using
different strategies to achieve the highest expression efficiency. We demonstrated that
even ADAMTS13, a low-expressing protein, may be produced at high yields when culture
conditions are well optimized. In combination with protein purification via QFF and
V5-affinity columns, we were able to obtain a protein yield almost seven times higher
than previously reported purification systems [31]. Therefore, the QFF and V5 affinity
purification system provides an optimal means to produce large yields of rADAMTS13 of
high purity and activity. This system may be beneficially adapted for the purification of
other metalloproteases that may be deleteriously affected by standard metal ion affinity
purification methods.
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